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FROM A FULL-SCALE PEBBLE-BED HEATER

By Richard B. Lancashire, Erwin A. Lezberg
and James F. Morris

SUMMARY

A regenerative pebble-bed heat exchanger has been built in order to
produce large quantities of high-temperature air for use in the experi-
mental evaluation of hypersonic flight problems. During the initial op-
eration of this facility, a program was carried out to obtain data con-
cerning heat transfer in a large packed bed of spheres.

A detailed description is given of the facility design, operation,
and instrumentation. The heat-transfer analysis, similar to that used
by other Investigators, is also presented. Samples of data obtained are
shown with respect to their use in the analysis. Results of this work
as compared with other investigators are presented in the conventional
Stanton,” Prandtl, and Reynolds numbers relation.

INTRODUCTION

The experimental evaluation of hypersonic flight problems requires
the production of large quantities of high-temperature air. At tempera-
tures above 2500° R, conventional heat exchangers have exceeded their
material limits so that other heating methods must be used.

One such method is the use of the regenerative pebble-bed heat ex-
changer, utilizing high-temperature refractories (refs. 1, 2, and 3).
The design of such a heat exchanger requires the use of reliable heat-
transfer coefficients for a packed bed. A considerable amount of exper-
imental data is available on the subject, but it spreads over two orders
of magnitude at any one Reynolds number value.

The experimental work described in this report was performed on a
full-scale pebble bed, 10.4 feet in length and 4 feet in diameter. The
facility is used at the Lewis Research Center for testing alr-breathing
engine components. The purpose of this work was to obtain heat-transfer
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data during the initial operation of the facility as a guide to the de-
sign of similar equipment. The exchanger was designed with a conserva-
tive estimate of the heat-transfer coefficient (ref. 4). Temperatures

throughout the packing were measured continuously so that point values

of the coefficient might be obtained.
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SYMBOLS
heat capacity of bed material, Btu/(OF)(cu ft packing)
specific heat of air, Btu/(1b)(°F)
average diameter of a bed particle, ft
mass velocity, 1b air/(hr)(sq ft bed cross section)
heat-transfer coefficient, Btu/(hr)(°F)(sq ft pebble surface area)
Prandtl number
Reynolds number, Gd/u
Stanton number, h/ch
ratio of surface area of bed material to total volume of bed, l/ft
blowdown air temperature at x = 0O, °Rr
bed temperature, or
bed temperature at T = O, °R
distance from bottom of bed, ft
dimensionless bed temperature, (t - Ty)/(tg - T4)
dimensionless time, shI/C
viscosity of air, 1b/(ft)(hr)
dimensionless distance, shx/ch

time from beginning of blowdown, hr
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FACILITY

A schematic drawing of the facility is shown 1in figure 1. The bed
is packed with 3/8-inch-diameter alumina balls and has 2-foot-thick walls
made of high-temperature refractory and insulating brick to minimize the
heat losses. The heater is designed to operate at a maximum temperature
of 3500° R and a nominal pressure of 50 pounds per square inch absolute,
with a maximum airflow of 10 pounds per second.

The bed is heated by burning gasoline and passing the combustion
products down through the bed to an atmospheric exhaust. Heating is ac-
complished in two stages: The first uses a swmall banking burner located
at the top flange (fig. 2). The banking burner is operated continuously
except during blowdown. When the bed is hot, approximately 2200° R in
the upper portion, long heating periods with the main burner are elimi-
nated, and spalling of the refractory is kept to a minimum. The second-
stage burner is also shown in figure 2. Fuel and combustion air are in-
troduced into the annulus between the brick work and a water-cooled
shroud. Ignition is provided by the banking burner and the hot refrac-
tory. The main burner is used to heat the upper portion of the bed to
temperatures up to 3500° R. Transition to the blowdown part of the cy-
cle is accomplished by actuating a three-way proportioning valve, which
diverts air from the main burner to the bottom of the bed. The air,
after passing through the heated bed and the test section, is quenched
by water sprays and ducted to the laboratory exhaust system.

INSTRUMENTATION

Thermocouples were fabricated from 20-gage Chromel-Alumel wires,
and the junctions were cast in the center of 1/2-inch-diameter by 1/2-
inch-long alumina cylinders. The lead wires were swaged into l/ls-inch
Inconel protection tubes with magnesia insulation. Thermocouple loca-
tions 1in the bed are shown in figure 1. The thermocouples were wired in
place before the bed was filled, and the lead wires were brought out
through the bottom of the tank. The time lag due to measuring the tem-
perature at the center of a cylinder rather than et the surface of a
ball was estimated and indicated that the maximum error in measurement
would be approximately 20° F.

During the process of cycling the bed, a number of the thermocouples
failed or exhibited intermittent failure (open or partially open circuit).
This type of failure appeared to be related to the attack of the Alumel
wire by impurities in the magnesium oxide swaging material as indicated
in reference 5.

Bed thermocouples were read at the rate of 20 per second using an
automatic voltage digitizer, recorded, and processed by the laborastory



automatic data reduction system (ref. 6). The thermocouples were paral-
leled to a 40-chanel oscilloscope, which was used as a visual check of
the bed temperature profiles.

The hot air temperature was measured during blowdown with a
platinum - platinum-rhodium aspirated thermocouple probe. The probe,
as described in reference 7, has a support tube which 1s water-cooled
with the exception of the platinum tip. The temperature was recorded
on a strip chart recorder.

Pressure drop across the bed was measured with static taps at the
air inlets to the top and bottom of the bed. Air was metered through a
standard ASME orifice.

HEAT-TRANSFER ANALYSIS

The heat-transfer analysis used in this article is a variation of
that used by Johnson (ref. 8). This analysis is based on the original
analysis of nonsteady heat transfer in porous media by Schumann (ref. 9).
The assumptions made in this analysis are as follows:

(1) The thermal diffusivity of the balls is considered very large.
Thus, the only resistance to heat transfer between a ball and the fluid
is judged to be in the film.

(2) Conduction in the radial direction of the bed is considered to
be infinite and that in the direction of flow to be negligible.

(3) Conduction within the fluid is negligible.

(4) The fluid is considered to have a uniform velocity across the
bed.

In accordence with Johnson, the following group of dimensionless
parameters is used herein:

Dimensionless length: £ = shx/Gep (1)
Dimensionless time: n = sht/C (2)

Dimensionless bed temperature:
8 = (t - Ty)/(tg - Ty) (3)

Table I of reference 8 lists the dimensionless bed temperature &
for various values of 7 and E. This table was prepared using the so-

lutions of the differential equaticns of heat transfer for a regenerator.

With these published data & was plotted as a function of n for
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constant & values and against £ for constant 1n values. The slopes

of these curves yielded (BS/Bn)g and (Bﬁ/ag)n. These are given in
terms of their equivalent forms; which are easily related to measurable

quantities:

ot
@T:)f t(s)_h-;i - sh(toc— ) (%E)x (4)
C
ot
to - T: e
(g%)n = 5_8_ Xl - sh(toc? ;) (g_;),r (5)
ch

T

Since the temperature +tg 1s not constant, another form of the tempera-
ture, considering its variation, must be used. Therefore, by
substituting

t - T4

to = 5 + Tl (3&)

equations (4) and (5) become

: (érﬁ)g = ST @ri)}c (6)

and

% (%%)n = shiic? Ti) (%E)r (7)

With the theoretical data of reference 8 and the slopes obtained
from that data, the left sides of equations (6) and (7) have been plotted
against thelr respective independent veriables for various values of the
constant parameters. These plots were made using logarithmic scales and
are shown In figure 3.

By multiplying both sides of equations (6) and (7) by the heat-
transfer coefficient h, these two equations become

C

% (%%)E = s(t - T15 (%%)x (8)



2 (38), = sery (55), (©)

The right side of each equation was easily obtained from experimen-
tal data. The heat capacity of the bed material C was given by its
manufacturer as 31.8 Btu per Op per cubic foot of the packing. The sur-
face area of bed material per cubic foot of tank was determined to be
104 square feet per cubic foot. When the empirical data are used, nu-
merical values of equations (8) and (9) were obtained for various values
of T and x. The resulting values of equation (8) were plotted as
functions of their respective values of n/h on a logarithmic scale.
The resulting values of equation (9) were plotted as functions of their
respective value of E/h also on a logarithmic scale. The construction
of these plots did not require the use of the unknown heat-transfer co-
efficlent. These plots were then superimposed on either of the theoret-
ical plots of figure 3. By sliding the 45° line on a given experimental
plot along the 457 line on the correct theoretical plot, a match was made
between the experimental curve and one of the family of theoretical
curves. When this match was made, the coordinates of the experimental
plot were displaced from the coordinates of the theoretical plot by a
factor of h. Therefore, the heat-transfer coefficient was obtained di-
rectly. This matching process was performed under the assumption that
h remasined constant over a given time and length.

DATA PRESENTATION

During this particular program, the pebble-bed heater was operated
in a range of airflows between 2.5 pounds per second and 4.9 pounds per
second. The blowdown periods ranged between 16 and 46 minutes, while
the heating periods (using main burner) ran between 15 and 37 minutes.
The maximum outlet air temperature attained was approximately 2600° R.

A typical air temperature history encountered during the program is shown
in figure 4. The initial temperature rise was typical and was probably
due to radiative cooling of the top of the bed and to incomplete combus-
tion within the free volume between the burner and the bed during the
heating cycle. An attempt wes mede to operate the bed well below the
meximun design temperature in order to keep the thermocouple instrumenta-
tion intact.

A plot of bed temperature against distance from the bottom of the
bed is shown in figure 5. The temperatures plotted are those along the
verticel axis of the bed. The shape of this profile is similar to all
those obtained during the program. The temperature of the lower portion
of the bed remsined essentlally at the temperature achieved through the
use of the banking burner alone.




The plot of the bed temperature against radial distance from the
center of the bed (fig. 6) indicates that the radial temperature gradi-
ent near the centerline at a given level is reasonably flat. Investiga-
tion of the radial profiles at other levels in the bed indicates the
same result, thus verifying the second assumption made in the theoreti-
cal analysis. The sharp increase in temperature at the wall as time
progresses 1s 10 be expected with the large heat-storage capacity of the
insulating brick.

The temperature at a given level in the bed is plotted in figure 7
as a function of blowdown time. Time was measured from the instant the
three-way proportioning valve was switched. The shape of this curve is
representative of those obtained from the thermocouples in the lower
portion of the bed.

Raw data were reduced into usable quantities by substitution into
the right sides of equations (8) and (9). The time and distance slopes
were obtained from plots such as those shown in figures 5 and 7. Slopes
were taken from the time plots at intervals of 2 minutes at various lev-
els in the lower part of the bed. From the distance plots, slopes were
taken at intervals of 0.5 of 1 foot at various times during blowdown.
Only those thermocouples in the lower portion were used because of the
intermittent functioning of the thermocouples near the top of the bed.
The center portion, where (8’5/8}{).r = 0, was not usable for the determi-
nation of the heat-transfer coefficient.

The value of h resulting from matching the experimental and theo-
retical curves for a typical set of data has been substituted into equa-
tions (8) and (9), and the resulting points superimposed on the theoret-
ical plots. These are shown in figure 8 and indicate the match between
the experimental and theoretical curves.

RESULTS AND DISCUSSION
Pressure Drop Data

The pressure drop across the pebble bed was measured and related to
the various flow parameters. Since these data were not collected under
isothermal flow conditions, it was not possible to compare them directly
with those from available references. However, by correcting the ob-
served data for the changes in density due to the nonisothermal flow,
the data compare very favorably with those of reference 10. It was not
necessary to correct the data for differences In pressure since the bed
was Operated at a pressure Of 1 atmosphere.



Heat-Transfer Coefficient

Considerable scatter of heat-transfer-coefficient values resulted 4
from the initial application of the analysis. It was found that small
temperature differences between that of the inlet gas and that of the
bed at a given time and point created unreliable values of the coeffi-
cient. This condition existed toward the end of the blowdown periods.
By setting a minimum temperature difference of 100° F, some of the doubt-
ful data were eliminated and the amount of scatter was lessened.

The time interval over which the value of the coefficient was deter-
mined alsc had an effect on the amount of scatter. It is evident from
figure 8(b) that a small time interval would reduce the length of the ex-
perimental curve, thus making the match between 1t and one of the theo-
retical curves more arbitrary. Any values oObtained during an interval
of less than 4 minutes were discarded.

Another cause of scatter was the small distance over which some of .
the values of the coefficient were obtained. The plots of figures 3(a)
and 8(a) show that the use of data obtained over a small distance in the
bed would again result in an arbitrary value of the coefficlent. It was v
found that a confident wmatch of data could be made over a distance
greater than 1 foot.

A further criterion was used to test the validity of the data. For
each match of a pair of experimental and theoretical curves made, two
values of the heat-transfer coefficient resulted. One was from the co-
ordinates of the plots, and the other from the parameter 1 or §&. The-
oretically, the two values should have been identical. However, in some
cases, where the arbitrary condition was not eliminated by the applica-
tion of the criteria discussed previously, deviations occurred between
the two values. A plot was made of the coordinate values of h against
the parametric values of h. Any values of h which fell outside a
range described by the average relative deviation from a 45° line on
this plot (x28.3 percent) were omitted.

Table I lists all the reliable values of the coefficient with their
respective mass velocities, Reynolds numbers, and Stanton numbers. The
specific heat of air which is used in the Stanton number is based on the
computed mean film temperature of the air for the time and distance at
which the particular value of the coefficient was obtained. The same
temperature was used in determining the viscosity of the air which ap- v
pears in the Reynolds number. The characteristic length used is the av-
erage diameter of & pebble, 0.415 inch. The range of Reynolds numbers
is from 281 to 771, while for the Stanton numbers it is from 0.022 to .
0.073. The value of the coefficient h vranged between 6.0 and 15.2.

These data are plotted in figure 9 in the conventional form of the
StPr2/3 against Re. The Prandtl number for the range of temperatures
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investigated is 0.65. A straight line on logarithmic scale was fitted
to the data using the method of least squares. The resultant egquation is

stPr2/3 = 0.400 Re-0-437 (10)

From a statistical viewpoint, the data have a standard deviation of 25.2
percent with a near normal distribution.

Figure 9 shows the order of magnitude in which these data fall in
relation to those of other investigators. The upper curve is a composite
of the results of references 1l to 13 on packed beds of spheres and rep-
resents the order of magnitude generally found in the literature. The
intermediate curves represent the data of Dabora, et al. (ref. 1) for
alumina balls and of Johnson (ref. 8) for wire screens. They agree rea-
sonably well with the present work. The lowest curve represents the de-
sign curve for the facility (ref. 4).

CONCLUSION

Heat-transfer coefficients have been obtained by transient measure-
ments in a large pebble-bed heater under the conditions specified by the
theoretical analysis. The results are recommended for the design of sim-
ilar facilities. The heat-transfer data obtained in reasonably sized
beds, such as that used in reference 1, tend to support this conclusion.

Lewis Research Center
National Aeronautics and Space Adninistration
Cleveland, Ohio, November 13, 1959
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TABLE I. - TABULATION OF HEAT-TRANSFER DATA
Mass Heat-transfer | Reynolds| Stanton
velocity, coefficient, number | number
G, h,
1b Btu
(hr)(sq £t) | (hr)(°F)(sq ft)
722 14.5 281 0.073
722 7.6 371 041
854 6.0 372 .0286
854 7.9 375 .0386
998 11.8 398 .042
998 8.6 515 034
1088 11.1 447 .040
1105 10.2 547 .036
1105 8.7 542 030
1105 11.0 592 .039
1175 7.6 612 .025
1175 9.2 475 .028
1280 7.0 537 .033
1280 15.2 718 .047
1280 12.3 657 .037
1280 9.5 771 .030
1285 12.4 447 .036
1285 l2.6 654 .038
1352 10.8 833 .030
1382 8.4 589 022
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(a) Bed temperature slope plotted against distance at various times.

Flgure 3. - Theoretical plots of nondimensional bed temperature date against various
parameters.,
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(b) Bed temperature slope plotted against time at various distances.

Figure 3., - Concluded. Theoretical plots of nondimensional bed temperature data against
various parameters.
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© EXPERIMENTAL DATA
— THEORETICAL DATA, n =5.0
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(a) Nondimensionel bed tempersture slope plotted
agalnst nondimensional distence.

Figure 8. - Comperison of experimental and theo-
retical data.
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(b) Nondimensional bed temperature slope plotted against
nondimensional time.

Flgure 8. - Concluded. Comparison of experimental and theo-
retical data.
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Figure 9. - Correlation of heat-transfer data.




